for assigning the HA subtypes into two groups based on 3D structure, which is consistent 40 with phylogenetic grouping. We conclude that in light of the current H16HA0 structure, 41
Introduction

45
There are three types of influenza viruses, i.e., influenza A, B and C viruses. Among them, 46 influenza A viruses are the major pathogens responsible for the seasonal flu and 47 occasional pandemics (16, 18, 30) . Influenza A viruses can be subtyped according to the virus entry and fusion, and NA contributes to the virus release (24, 31, 35, 36, 42) . Under essential for infectivity because it activates the potential of HA to undergo a 61 low-pH-induced, irreversible conformational change in endosomes (21, 23, 48) .
62
Structural biology contributes a great deal to the elucidation of the molecular 63 mechanism of influenza virus entry and fusion (36, 41) , which follows the general 64 mechanism of enveloped virus entry and fusion as a whole (4, 15, 36, 46) . HAs can be (14) . Since the first HA structure was solved in 1981 (49), seven out of 17 HA crystal 68 structures have been reported thus far, including H1, H2, H3, H5, H7, H9, and H14, and 69 their common structural characteristics have been delineated (19, 25, 33, 34, 38) .
70
It is believed that the amino acid sequence of the cleavage site modulates tissue 71 tropism and systemic spread of influenza viruses, affecting their pathogenicity (27) . For 
79
This difference in pathogenicity correlates with structural differences at the HA0 80 cleavage site(4).
81
Both HA0 and HA1/HA2 complex structures for H1 and H3 have been solved, and the 82 structural basis for cleavage has been established in which a labile loop from the cleavage 83 site is released after cleavage (4, 13, 38, 49) . The first uncleaved HA0 structure (H3HA0) 84 was determined using a mutant HA (R329Q) from the A/Hong Kong/68 H3 virus showed that H16HA0 displayed resistance to trypsin in neutral and low pH environments, 102 which has never been observed before. A unique α-helix conformation in the cleavage site 103 was observed, with the key cleavage residue R329 hidden behind the helix. These 104 structural features could prevent access of the protease to the enzymatic site, revealing 105 that not only the flexibility but also the accessibility of the loop contribute to the 106 influenza virus pathogenicity. Moreover, using H16 as a reference structure, HAs were 107 clustered into the same two groups based on 3D structures and primary sequences (14).
Materials and Methods
110
Cloning
111
Based on H3 numbering (47), cDNA corresponding to residues 11-329 (HA1) and adding a 5 × SDS loading buffer containing DTT and boiling at 100°C for 5 min.
174
Samples were then loaded onto 12% SDS-PAGE gels for analysis(5). 
178
The ectodomain of the HA gene (H16HA) from the H16 serotype influenza virus
179
A/Black-headed Gull/Sweden/2/99 (H16N3) was cloned and expressed in a baculovirus 180 expression system, as described previously (51). H16HA was crystallized at pH 7.0, and 181 its structure was solved by molecular replacement (MR) to 1.7 Å high-resolution using 182 the H2 structure (PDB code: 2WR0) as a search model (Table 1) . A mutant with V327G incubation time extended to 2 h, more than an half still of the H16HA0 remained 230 uncleaved (Fig. 2C) . By contrast, the cleavage of 18HA0 and QH05HA0 was nearly 231 complete after 10 min ( Fig. 2A and B) .
232
Newly synthesized viral proteins are exported to the cell surface by way of the Golgi 233 complex, where the pH becomes more acidic during progression through the secretary 234 pathway (7, 17). Taking this into an account, we also measured the trypsin susceptibility 235 of H16HA0 in low pH conditions. After incubation at low fusion pHs (pH 5.5 or 5.0) for 236 1 h, H16HA0 still behaved as a trypsin-resistant trimer, almost half of which remained in 237 precursor form. In contrast, the cleavage of 18HA0 was nearly complete under the same 238 reaction conditions (Fig. 2D) . These results imply that this protease-resistant feature 239 could potentially preclude H16HA0 from undergoing an irreversible conformational 240 change at the low pH of endosomes that is required for membrane fusion.
241
To put this inefficient cleavage in a biological perspective, we produced the H16HA0 242 and 18HA0 proteins in mammalian 293T cells which can be infected by influenza virus.
243
Trypsin susceptibility assays were applied to these mammalian-cell-derived proteins. α-helix structure. This solid α-helix element starts at P324 and consists of five residues: 270 S325, I326, V327, E328, and R329 (Fig. 3) . The equivalent residues in H3HA0 are E325,
271
K326, Q327, T328, and R329Q, while the equivalent residues in 18HA0 are S325, I326,
272
Q327, S328, and R329 (Fig. 3) . Compared to the cleavage site sequences of H3HA0 insertion mutation (Fig. 4) . 7 out of 17 virus strains have residue G at the position 327.
279
Thus we substituted the residue V with G, and solved the crystal structure of the mutated
280
HA (HA16-V327G) to test the special feature in the cleavage site. Similarly, in the 281 HA16-V327G structure, the cleavage site still forms an α-helix structure and the loop has 282 inserted into the negatively-charged cavity (Fig. 4) . Therefore this α-helix structure in that are inserted at the cleavage site (36).
292
In the R329Q H3HA0 mutant, there is a deep cavity adjacent to the cleavage site loop,
293
and the R329Q residue is far from the cavity, which contains ionizable residues, including 294 residues D109 and D112 on the long helix of HA2 and H17 of HA1 ( Fig. 5A and D) .
295
However, in the 18HA0 structure, the different conformation of the cleavage loop shows 296 R329 covering the electronegative cavity ( Fig. 5B and E) . This cavity is filled in the 297 cleaved HA1/HA2 structure by HA2 residues 1-10, a nonpolar segment of the fusion 298 peptide (38). In the H16HA0 structure, the unique α-helix inserts into the electronegative 299 cavity ( Fig. 5C and F) , and extraordinarily, the key R329 residue points toward the 300 electronegative cavity, hiding behind the helix. Thus, the R329 residue in the H16HA0 301 structure is less exposed than the equivalent counterpart in the 18HA0 structure, which 302 points toward the solvent. This special structural feature blocks the access of potential 303 proteases to the R329 residue, resulting in inefficient cleavage.
304
In the cleaved HA structures at neutral pH, the N-terminal HA2 fusion peptide inserts 305 into the electronegative cavity and makes up to five hydrogen bonds from its backbone 306 amide groups to conserved HA2 ionizable residues (D109 and D112)(4). In the H16HA0 307 structure, the unique α-helix also inserts into the same electronegative cavity (including 308 residues Y17, D438, and D441). The R329 residue forms a strong salt bridge with D441
309
(equivalent to D109 in the HA2 chain) and a hydrogen bond with R445 (Fig. 5F ). It also The hemagglutinin of influenza virus is the major target for the vaccine design (50). T41, I45 and I48) and parts of two strands of HA1 (including V40 and T318), and the 347 HA2 turn (including W21), encompassing residues 18 to 21 (Fig. 7A) . In H16 HA, due to 348 different conformation of the HA2 turn, the corresponding region of W21 is replaced by 349 several hydrophobic residues, P15, G16, L17 and I18 (Fig. 7B) 
386
The first HA0 structure was determined using a mutant H3 subtype HA protein and these insertions project the site into the solution, exposing the inserted P-4 residues as 394 a recognition site for furin protease. The second HA0 structure was determined using the 395 baculovirus expression system to generate uncleaved 1918 pandemic virus HA0 protein.
396
This 18HA0 structure displays a different conformation of the cleavage loop, which abuts 397 the glycoprotein surface instead of projecting from the surface like the first H3 subtype 398 HA0 structure. Due to this structural feature, the 18HA0 protein is tryptase-resistant but 399 susceptible to trypsin protease (38). Interestingly, our insect cell-derived and mammalian cell-derived H16HA0 protein is resistant to trypsin protease, both in neural and low pH 401 conditions. The key residue R329 hides behind the helix and forms a strong salt bridge 402 with the D441 residue in the cavity. This structural feature precludes protease 403 accessibility and explains why H16HA0 is resistant to trypsin protease. Our results
404
provide new insight into the correlation of cleavage site conformation and enzyme 405 accessibility with virus pathogenicity.
406
As virus fusion, and hence entry, requires cleavage of HA0 into HA1/HA2 form. One 
618
For H3HA0, the cleavage site forms a loop structure that projects from the glycoprotein 619 surface, while for 18HA0, the cleavage site forms a loop structure that abuts the 620 glycoprotein surface. Extraordinarily, in H16HA0, the cleavage site forms an α-helix 621 structure that has not been observed before. 
